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Solar Engine:
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4 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Figure 1. The predicted solar neutrino energy spectrum. The figure shows the
energy spectrum of solar neutrinos predicted by the BP04 solar model [22].
For continuum sources, the neutrino fluxes are given in number of neutrinos
cm−2 s−1 MeV−1 at the Earth’s surface. For line sources, the units are number
of neutrinos cm−2 s−1. Total theoretical uncertainties taken from column 2 of
table 1 are shown for each source. To avoid complication in the figure, we have
omitted the difficult-to-detect CNO neutrino fluxes (see table 1).

are rare; changes in their production cross-sections affect only the 8B and hep fluxes respectively.
The 15% increase in the calculated 8B neutrino flux, which is primarily due to a more accurate
cross-section for 7Be(p, γ)8B, is the only significant change in the best-estimate fluxes.

The fluxes in column 6 were calculated using a refined equation of state, which includes
relativistic corrections and a more accurate treatment of molecules [27]. The equation of state
improvements between 1996 and 2001, although significant in some regions of parameter space,
change all the solar neutrino fluxes by <1%. Solar neutrino calculations are insensitive to the
present level of uncertainties in the equation of state.

Themost important changes in the astronomical data fromBP00 result from the newanalyses
of the surface chemical composition of the Sun. The input chemical composition affects the
radiative opacity and hence the physical characteristics of the solar model, and to a lesser extent
the nuclear reaction rates. New values for C, N, O, Ne and Ar have been derived [24] using
three-dimensional rather than one-dimensional atmospheric models, including hydrodynamical
effects, and paying particular attention to uncertainties in atomic data and observational spectra.
New estimates of the abundance, together with the previous best estimates for other solar surface
abundances [28], imply a ratio of heavy elements to hydrogen by mass of Z/X = 0.0176, much
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Solar Spectrum:
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What about 8B ?

SNO’s CC/NC

CC
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)
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= (0.35− 0.31)/0.4 ≈ 10 ± ???%
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TABLE XIX: Systematic uncertainties (%) on fluxes for the energy-

unconstrained analysis of the salt data set. Note that “const.” de-

notes an energy-independent systematic component and “E dep” an

energy-dependent part.

Source NC uncert. (%) CC uncert. (%) ES uncert. (%)

Energy scale (const.) -3.3, +3.8 -0.9, +1.0 -1.6, +1.9

Energy scale (E dep.) -0.1, +0.1 -0.1, +0.1 -0.1, +0.1

Energy radial bias -2.0, +2.1 -0.6, +0.7 -1.1, +1.2

Energy resolution -0.8, +0.8 -0.2, +0.2 -0.7, +0.7

β14 mean (const.) -3.6, +4.5 -4.0, +3.7 -1.2, +1.3

β14 mean (E dep.) -0.1, +0.2 -0.2, +0.0 -0.0, +0.1

β14 width -0.0, +0.0 -0.2, +0.2 -0.2, +0.2

Radial scale (const.) -3.0, +3.3 -2.6, +2.5 -2.6, +3.0

Radial scale (E dep.) -0.6, +0.5 -0.9, +0.8 -0.7, +0.8

Vertex x -0.0, +0.0 -0.0, +0.0 -0.1, +0.1

Vertex y -0.1, +0.0 -0.0, +0.0 -0.1, +0.1

Vertex z -0.2, +0.2 -0.1, +0.1 -0.0, +0.0

Vertex resolution -0.1, +0.1 -0.1, +0.1 -0.1, +0.1

Angular resolution -0.2, +0.2 -0.4, +0.4 -5.1, +5.1

Internal neutron bkgd. -1.9, +1.6 -0.0, +0.0 -0.0, +0.0

Internal γ bkgd. -0.1, +0.1 -0.1, +0.1 -0.0, +0.0

Internal Cherenkov bkgd. -0.9, +0.0 -0.9, +0.0 -0.0, +0.0

External Cherenkov bkgd. -0.2, +0.0 -0.2, +0.0 -0.0, +0.0

Instrumental bkgd. -0.4, +0.0 -0.3, +0.0 -0.0, +0.0

Neutron capture eff. -2.3, +2.1 -0.0, +0.0 -0.0, +0.0

Total systematic -6.9, +7.6 -5.1, +4.7 -6.2, +6.5

Cross section [45] ±1.1 ±1.2 ±0.5
Total statistical ±4.2 ±3.7 ±9.3

TABLE XX: Systematic uncertainties (%) on fluxes for the energy-

constrained analysis of the salt data set. Note that “const.” denotes an

energy-independent systematic component and “E dep” an energy-

dependent part.

Source NC uncert. (%) CC uncert. (%) ES uncert. (%)

Energy scale (const.) -0.3, +0.7 -3.7, +3.9 -1.8, +1.6

Energy scale (E dep.) -0.9, +1.0 -1.0, +1.0 -0.2, +0.2

Energy radial bias -0.1, +0.1 -2.5, +2.6 -1.0, +0.9

Energy resolution -2.1, +2.1 -1.1, +1.1 -0.6, +0.6

β14 mean (const.) -2.2, +3.0 -2.4, +2.0 -0.5, +2.3

β14 mean (E dep.) -0.2, +0.2 -0.2, +0.2 -0.7, +0.7

β14 width -0.0, +0.0 -0.1, +0.1 -0.8, +0.8

Radial scale (const.) -3.0, +3.3 -2.7, +2.6 -1.9, +2.9

Radial scale (E dep.) -0.2, +0.2 -1.3, +1.2 -0.8, +0.8

Vertex x -0.0, +0.1 -0.0, +0.0 -0.1, +0.1

Vertex y -0.1, +0.0 -0.0, +0.0 -0.2, +0.2

Vertex z -0.1, +0.1 -0.1, +0.0 -0.0, +0.0

Vertex resolution -0.1, +0.1 -0.2, +0.2 -0.7, +0.7

Angular resolution -0.2, +0.2 -0.4, +0.4 -4.9, +4.9

Internal neutron bkgd. -1.9, +1.6 -0.0, +0.0 -0.0, +0.0

Internal γ bkgd. -0.2, +0.1 -0.1, +0.0 -0.0, +0.1

Internal Cherenkov bkgd. -0.9, +0.0 -0.8, +0.0 -0.0, +0.0

External Cherenkov bkgd. -0.2, +0.0 -0.2, +0.0 -0.0, +0.0

Instrumental bkgd. -0.4, +0.0 -0.3, +0.0 -0.0, +0.0

Neutron capture eff. -2.3, +2.1 -0.0, +0.0 -0.0, +0.0

Total systematic -5.4, +5.7 -6.2, +6.0 -5.9, +6.6

Cross section [45] ±1.1 ±1.2 ±0.5
Total Statistical ±3.9 ±3.1 ±9.8

Note that the uncertainties on the ratios are not normally dis-

tributed.

The non-νe active neutrino component (φµτ) of the 8B flux

can be determined by subtracting the φe component, as mea-

sured by the CC flux, from the NC and ES fluxes. Whereas the

NC measurement is equally sensitive to all active neutrinos,

the ES measurement has reduced sensitivity to non-electron

neutrinos in the form φES = φe + 0.1553φµτ. The resulting φµτ
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FIG. 29: Flux of µ + τ neutrinos versus flux of electron neutri-

nos. CC, NC and ES flux measurements are indicated by the filled

bands. The total 8B solar neutrino flux predicted by the Standard So-

lar Model [13] is shown as dashed lines, and that measured with the

NC channel is shown as the solid band parallel to the model predic-

tion. The narrow band parallel to the SNO ES result correponds to

the Super-Kamiokande result in [9]. The intercepts of these bands

with the axes represent the ±1σ uncertainties. The non-zero value

of φµτ provides strong evidence for neutrino flavor transformation.

The point represents φe from the CC flux and φµτ from the NC-CC

difference with 68%, 95%, and 99% C.L. contours included.

fluxes, in units of 106 cm−2 s−1, are

φNC,uncon
µτ = 3.26 ± 0.25 (stat) +0.40

−0.35 (syst)

φES,uncon
µτ = 4.36 ± 1.52 (stat) +0.90

−0.87 (syst).

Figure 29 shows the flux of non-electron flavor active neutri-

nos (φµτ) versus the flux of electron neutrinos (φe). The error

ellipses shown are the 68%, 95% and 99% joint probability

contours for φµτ and φe.

Adding the constraint of an undistorted 8B energy spectrum

to the signal extraction yields, for comparison with earlier re-

sults (in units of 106 cm−2s−1):

φcon
CC = 1.72+0.05

−0.05(stat)+0.11
−0.11(syst)

φcon
ES = 2.34+0.23

−0.23(stat)+0.15
−0.14(syst)

φcon
NC = 4.81+0.19

−0.19(stat)+0.28
−0.27(syst),

with corresponding ratios

φcon
CC

φcon
NC

= 0.358 ± 0.021 (stat) +0.028
−0.029 (syst)

φcon
CC

φcon
ES

= 0.736 ± 0.079 (stat) +0.050
−0.049 (syst),

What about 8B ?

SNO’s CC/NC

CC
NC = 〈Pee〉 = f1 cos2 θ! + f2 sin2 θ!

f1 =
(

CC
NC − sin2 θ!

)
/ cos 2θ!

= (0.35− 0.31)/0.4 ≈ 10 ± ???%
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Wow!!! How did that happen???
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What about 8B ?

SNO’s CC/NC

CC
NC = 〈Pee〉 = f1 cos2 θ! + f2 sin2 θ!

f1 =
(

CC
NC − sin2 θ!

)
/ cos 2θ!

= (0.35− 0.31)/0.4 ≈ 10 ± ???%
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f1 ∼ 10% and f2 ∼ 90% and

〈Pee〉 = sin2 θ + f1 cos 2θ! ≈ sin2 θ! = 0.31

Wow!!! How did that happen???

energy dependence!!!
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Neutrino Flavor Change in Matter

Coherent forward scattering 

from ambient matter can have 

a big effect.

VW = +
√

2GF Ne

VZ = −
√

2

2
GF Nn

(− for νe)

(+ for να)

#e/vol

#n/vol

Coherent Forward
Scattering: 

Wolfenstein ‘78

Mikheyev + Smirnov Resonance  WIN ‘85

MATTER EFFECTS
CHANGE THE NEUTRINO

MASSES AND MIXINGS

νe νµ ντ

ν1 ν2 ν3

δm2! = 8.0× 10−5eV 2

sin2 θ! = 0.31

∆! = δm2!L
4E = 1.27 8×10−5 eV 2 · 1.5×1011 m

0.1−10 MeV
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Neutrino Evolution:
Dirac equation reduces to a Schrodinger like equation

−i ∂
∂tν = Hν

ν =
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ν1

ν2

)
and H =

( √
p2 + m2

1 0
0

√
p2 + m2

2

)
H = (p + m2

1+m2
2

4p )I + 1
4E

( −δm2 0
0 δm2

)
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in the flavor basis

ν → Uν and H → UHU†
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)
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Neutrino Flavor Change in Matter

Coherent forward scattering 

from ambient matter can have 

a big effect.

VW = +
√

2GF Ne

VZ = −
√

2

2
GF Nn

(− for νe)

(+ for να)

#e/vol

#n/vol

Coherent Forward
Scattering: 

Wolfenstein ‘78

+
√

2GFNe δee

Ne is number density of electrons
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±√2GFNe δee

Ne is number density of electrons

+ for neutrinos, - for anti-neutrinos

Same for all active flavors,
therefore overall phases

dimensions [GFNe] = M−2L−3 = M
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±√2GFNe δee

Ne is number density of electrons

+(-) for neutrinos (anti-neutrinos)

Same for all active flavors,
therefore overall phases

dimensions [GFNe] = M−2L−3 = M
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(
+
√

2GFNe 0
0 0

)
→ GF Ne√

2
I2 + 1

2

(
+
√

2GFNe 0
0 −√2GFNe

)
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Including Matter Effects in the Flavor Basis:

Hflavor = 1
4Eν

( −δm2 cos 2θ! + 2
√

2GFNeEν δm2 sin 2θ!
δm2 sin 2θ! δm2 cos 2θ! − 2

√
2GFNeEν

)
Diagonalize by identifying with

Hflavor = 1
4Eν

( −δm2
N cos 2θN! δm2

N sin 2θN!
δm2

N sin 2θN! δm2
N cos 2θN!

)

δm2
N cos 2θN

! = δm2
0 cos 2θ0

! − 2
√

2GFNeEν (1)

δm2
N sin 2θN

! = δm2
0 sin 2θ0

! (2)
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Diagonalize by identifying with
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)
Masses and Mixings in MATTER: δm2
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δm2
N cos 2θN
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√

2GFNeEν (1)

δm2
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Notice:
(1) Possible zero when δm2 cos 2θ! = 2

√
2GFNeEν

(2) the invariance of the product δm2 sin 2θ!
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νe disappearance in Loooong Block of Lead:

1− P (νe → νe) = sin2 2θN! sin2 ∆N

∆N = δm2
NL

4E

same form as vacuum

BUT from δm2 sin 2θ! invarance sin2 2θN! =
(

δm2

δm2
N

)2
sin2 2θ!

1− P (νe → νe) = sin2 2θ!
(

δm2

δm2
N

)2
sin2 ∆N = sin2 2θ!

(
sin2 ∆N

∆2
N

)
∆2

enhancement or suppression depending on

sin2 ∆N
∆2

N

<
>

sin2 ∆
∆2

∆ = δm2L
4E

for small L this reduces to

1− P (νe → νe) = sin2 2θ! ∆2

same as vacuum small L.
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The Solution:

δm2
N =

√
(δm2 cos 2θ! − 2

√
2GFNeEν)2 + (δm2 sin 2θ!)2

sin2 θN! = 1
2

(
1− δm2 cos 2θ!−2

√
2GF NeEν√

(δm2 cos 2θ!−2
√

2GF NeEν)2+(δm2 sin 2θ!)2

)
Quasi-Vacuum: 2

√
2GFNeEν # δm2 cos 2θ!

δm2
N = δm2 and θN! = θ!

Resonance (Mikheyev + Smirnov ’85): 2
√

2GFNeEν = δm2 cos 2θ!

δm2
N = δm2 sin 2θ! and θN! = π/4

Matter Dominated: 2
√

2GFNeEν $ δm2 cos 2θ!

δm2
N → 2

√
2GFNeEν and θN! → π/2
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Vacuum νe Survival Probability:

〈Pee〉 = f1 cos2 θ! + f2 sin2 θ!

where f1 and f2 are the fraction of ν1 and ν2 at production.

In vacuum f1 = cos2 θ! and f2 = sin2 θ!.

Note energy independence.

〈Pee〉 = cos4 θ! + sin4 θ! = 1− 1
2 sin2 2θ!

for pp and 7Be this is approximately THE ANSWER.

f1 ∼ 69% and f2 ∼ 31% and 〈Pee〉 ≈ 0.6
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What about 8B ?

SNO’s CC/NC

CC
NC = 〈Pee〉 = f1 cos2 θ! + f2 sin2 θ!

f1 =
(

CC
NC − sin2 θ!

)
/ cos 2θ!

= (0.35− 0.31)/0.4 ≈ 10 ± ???%

– Typeset by FoilTEX – 5

The Solution:

δm2
N =

√
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√
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2

(
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√
2GF NeEν√

(δm2 cos 2θ!−2
√

2GF NeEν)2+(δm2 sin 2θ!)2

)
sin2 θN! = 1

2

(
1− (δm2 cos 2θ!−2

√
2GF NeEν)

δm2
N

)
Quasi-Vacuum: 2

√
2GFNeEν # δm2 cos 2θ!

δm2
N = δm2 and θN! = θ!

Resonance (Mikheyev + Smirnov ’85): 2
√

2GFNeEν = δm2 cos 2θ!

δm2
N = δm2 sin 2θ! and θN! = π/4

Matter Dominated: 2
√

2GFNeEν $ δm2 cos 2θ!

δm2
N → 2

√
2GFNeEν and θN! → π/2

– Typeset by FoilTEX – 13

The Solution:

δm2
N =

√
(δm2 cos 2θ! − 2

√
2GFNeEν)2 + (δm2 sin 2θ!)2

sin2 θN! = 1
2

(
1− δm2 cos 2θ!−2

√
2GF NeEν√

(δm2 cos 2θ!−2
√

2GF NeEν)2+(δm2 sin 2θ!)2

)
sin2 θN! = 1

2

(
1− (δm2 cos 2θ!−2

√
2GF NeEν)

δm2
N

)
Quasi-Vacuum: 2

√
2GFNeEν # δm2 cos 2θ!

δm2
N = δm2 and θN! = θ!

Resonance (Mikheyev + Smirnov ’85): 2
√

2GFNeEν = δm2 cos 2θ!

δm2
N = δm2 sin 2θ! and θN! = π/4

Matter Dominated: 2
√

2GFNeEν $ δm2 cos 2θ!

δm2
N → 2

√
2GFNeEν and θN! → π/2

– Typeset by FoilTEX – 13

θ! < π/4 θ! > π/4

KamLAND doesn’t care since sin2 2θ! same for θ! and π
2 − θ!

but SNO does !!!

〈Pee〉 = cos2 θN! cos2 θ! + sin2 θN! sin2 θ! = 1
2 + 1

2 cos 2θN! cos 2θ!

if θ! < π/4
〈Pee〉 ≥ sin2 θ!

if θ! > π/4
〈Pee〉 ≥ 1

2(1 + cos2 2θ!) ≥ 1
2

SNO: 〈Pee〉day = 0.347± 0.038

for neutrino in matter
θN! > θ!
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In Vacuum

δm2! = 8.0± 0.4× 10−5 eV 2 and sin2 θ! = 0.31± 0.03

Whereas for 8B
at center of Sun

δm2
N = 14× 10−5 eV 2

sin2 θN! = 0.91
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Mass Eigenstate Purity:

〈f1〉 (%) 〈f2〉 (%)

vac 69 ± 3 31 ∓ 3

pp 67 ± 4 33 ∓ 4
7Be 63 ± 4 37 ∓ 4

8B 9 ∓ 2 91 ± 2
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FIG. 5: (a) The ν2 fraction (%) in the δm2! versus sin2 θ! plane. As in Fig. 2, the current allowed

region is also shown. (b) The ν2 fraction (%) in the δm2! versus the Day-time CC/NC ratio of

SNO plane. We have excluded a region in the top left hand corner of this plot which corresponds

to sin2 θ! < 0.1. The current allowed range is indicated by the cross.

For the current allowed values for δm2
! and sin2 θ!, the rat io

δm2
! sin 2θ!

A(8B) − δm2! cos2θ!
≈ 3
4, (16)

whereA(8B) is obtained using a typical number density of electrons at 8B neutrino produc-
t ion (Yeρ ≈ 90 g.cm−3) and the typical energy of the observed 8B neutrinos (≈ 10 MeV).
For thebest fit central valuesof δm2

! and sin2 θ!, given by Eq.(1), let usdefinean effect ive
matter potent ial for the 8B neutrinos, A

8B
eff , such that the left hand side of Eq.(4) equals

our best fit value for the fract ion that is ν2. Thus,

A
8B
eff ≡ δm2

! sin 2θ!

[
cot 2θ! +

2f2 − 1
2
√

f2(1− f2)

]
(17)

= 1.36× 10−4 eV2,

10



Solar Pair Mass Hierarchy:
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2 + 1
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if θ! < π/4
〈Pee〉 ≥ sin2 θ!

if θ! > π/4
〈Pee〉 ≥ 1

2(1 + cos2 2θ!) ≥ 1
2

SNO: 〈Pee〉day = 0.347± 0.038

for neutrino in matter
θN! > θ!
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Solar Hierarchy
Determined !!!



Pee = f1 cos2 θ! + f2 sin2 θ!

f1 = (1− Px) cos2 θN! + Px sin2 θN!

f2 = (1− Px) sin2 θN! + Px cos2 θN!

Pee = f1 cos2 θ! + f2 sin2 θ!

Pee = 1
2 +

(
1
2 − Px

)
cos 2θN! cos 2θ!

Jump Probability:

Px ≈ exp
(
−π Width of Resonance

Oscillation Length

)
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FIG. 1: The solid and dashed (blue) lines are the 90, 65, 35 and 10% iso-contours of the fract ion

of the solar 8B neutrinos that are ν2’s in the δm2! and sin2 θ! plane. The current best fit value,

indicated by the open circle with the cross, is close to the 90% contour. The iso-contour for

an elect ron neutrino survival probability, Pee, equal to 35% is the dot-dashed (red) “ t riangle”

formed by the 65% ν2 purity contour for small sin2 θ! and a vert ical line in the pure ν2 region at

sin2 θ! = 0.35. Except at the top and bot tom right hand corners of this t riangle the ν2 purity is

either 65% or 100%.

where

A ≡ 2
√

2GF (Yeρ/Mn)Eν = 1.53 × 10−4eV2
(

Yeρ Eν

kg.cm−3MeV

)
, (6)

is the matter potential, Eν is the neutrino energy, GF is the Fermi constant, Ye is the electron

fraction (the number of electron per nucleon), Mn is the nucleon mass and ρ is the matter

density. The combination Yeρ/Mn is just the number density of electrons.

Fig. 1 shows, for a wide range of δm2
! and sin2 θ!, the iso-contours of

f2 ≡ 〈f2(Eν)〉E, (7)

where 〈· · · 〉E is the average over the 8B neutrino energy spectrum [14] convoluted with

the energy dependence of the CC interaction νe + d → p + p + e− cross section [15] at

4

Pee = f1 cos2 θ! + f2 sin2 θ!

f1 = (1− Px) cos2 θN! + Px sin2 θN!

f2 = (1− Px) sin2 θN! + Px cos2 θN!

Pee = 1
2 +

(
1
2 − Px

)
cos 2θN! cos 2θ!

Jump Probability:

Px ≈ exp
(
−π Width of Resonance

Oscillation Length

)
10% 35% 65% 90%
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The Big Picture:

Pee = f1 cos2 θ! + f2 sin2 θ!

f1 = (1− Px) cos2 θN! + Px sin2 θN!

f2 = (1− Px) sin2 θN! + Px cos2 θN!

Px is the probability to jump
from ν2 to ν1 (or ν1 to ν2)

during MS-resonance crossing.

Pee = 1
2 +

(
1
2 − Px

)
cos 2θN! cos 2θ!

Jump Probability:

Px ≈ exp
(
−π Width of Resonance

Oscillation Length

)
10% 35% 65% 90%
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FIG. 2: LMA Solar Zenith Angle Variation Shapes. The pre-
dictions are for ∆m2 = 6.3 × 10−5eV2 in the energy bins 16
to 20 MeV (top), 12.5 to 13 MeV, 10 to 10.5 MeV, 7.5 to 8
MeV, and 5-5.5 MeV (bottom).

perihelion and eccentricity). After that, the additional
seasonal amplitude variation is 0.48 ± 0.43 times the
eccentricity-induced variation which is consistent with
zero. We search for solar zenith angle variations (em-
ploying the solar zenith angle as the time variable) and
additional seasonal variation due to the oscillation phase
(using the distance between sun and earth). In each bin
i we calculate the rate ri(t) (oscillated Monte Carlo).
From this rate and the live-time distribution the av-
erage (rav

i ), day, and night rates and subsequently the
day/night asymmetry Ai are computed. Using the day
(night) live-times LD (LN ) and the live-time asymme-
try LDN = (LD − LN )/(0.5(LD + LN )), the effective
asymmetry parameter ai = 0.25AiLDN is computed and
zi(α, t) is defined as

zi(α, t) =
1 + α ((1 + ai)ri(t)/rav

i − 1)

1 + α × ai
,

so that r′i(α, t) = zi(α, t) × rav

i has the same average to-
tal rate rav

i , but the day/night asymmetry is Ai × α.
In particular, r′i(0, t) = rav

i is independent of t and
r′i(1, t) = ri(t). Figure 2 shows the expected solar zenith
angle variation shapes zi(1, cos θz) in five different energy
bins using an LMA solution and the density model of the
earth [7].

The resulting likelihood function is maximized with
respect to signal S, the backgrounds Bi, and the asym-
metry scaling parameter α. For the best-fit LMA os-
cillation parameters (which will be described later) we
find α = 0.86± 0.77 which corresponds to the day/night
asymmetry

ADN = −1.8 ± 1.6(stat)+1.3
−1.2(syst)%

where −2.1% is expected for these parameters. The sta-
tistical uncertainty is reduced by 25% with this likelihood
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FIG. 3: LMA Spectrum (top) and D/N Asymmetry (bottom).
The predictions (solid lines) are for tan2 θ = 0.55 and ∆m2 =
6.3 × 10−5eV2 with φ8B = 0.96×Standard Solar Model [8]
and φhep = 3.6×Standard Solar Model. Each energy bin is fit
independently to the rate (top) and the day/night asymmetry
(bottom). The gray bands are the ±1σ ranges corresponding
to the fitted value over the entire range 5-20 MeV: A = −1.8±
1.6%.
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FIG. 4: SK Day/Night Asymmetry as a Function of ∆m2.
The solid line is expected from two-neutrino oscillations, the
band (±1σ) results from the fit to the SK data. The mixing
angle tan2 θ = 0.55 is used. Overlaid are the allowed ranges
in ∆m2 (cross-hatched bands) from the KamLAND experi-
ment [4]. The second band (LMA-I) is favored.

analysis; however, the resulting day/night asymmetry is
still consistent with zero. Figure 3 shows the fitted rate
(top), as well as the day/night asymmetry (bottom) for
each energy bin separately. The oscillation expectations
are indicated by the solid lines. The asymmetry fit value
and uncertainty depends on the solar zenith angle varia-
tion shapes zi(1, t) which in turn depend on the oscilla-
tion parameters. Figure 4 shows the expected day/night
asymmetry and fit results for each ∆m2 in the LMA re-
gion with the best-fit mixing angle tan2 θ = 0.55. The
expected day/night asymmetry and the ±1σ band of the
fit overlap between 5 − 12 × 10−5eV2.

Day/Night Asymmetry:

ν2 → (1− α)ν2 + αν1 passing thru the earth.

A=2(D-N)/(D+N) expected to be few %

Limit from SK

Spectral Distortion:
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A=2(D-N)/(D+N) expected to be few %
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Spectral Distortion:

A characteristic of matter effects is that
the Fraction of ν2 is energy dependent .

Smaller at smaller E.
Implies an increase in Pee near threshold.
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Day/Night Asymmetry:

ν2 → (1− α)ν2 + αν1 passing thru the earth.

A=2(D-N)/(D+N) expected to be few %

Limit from SK

Spectral Distortion:

A characteristic of matter effects is that
the Fraction of ν2 is energy dependent .

Smaller at smaller E.
Implies an increase in Pee near threshold.

Maybe in SK with 4.5MeV threshold!!!
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Summary:

The low energy pp and 7Be Solar Neutrinos exit the sun as
two thirds ν1 and one third ν2 due to (quasi-) vacuum oscillations.

f1 = 65± 2%, f2 = 35∓ 2% with Pee ≈ 0.56

The high energy 8B Solar Neutrinos exit the sun as
ν2 mass eigenstates due to matter effects.

f2 = 91± 2% and f1 = 9∓ 2% with Pee ≈ 0.35.
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〈f1〉 (%) 〈f2〉 (%)

vac 69 ± 3 31 ∓ 3

pp 67 ± 4 33 ∓ 4
7Be 63 ± 4 37 ∓ 4

8B 9 ∓ 2 91 ± 2

quasi-vacuum

matter dominated

f1 = cos2 θN! and f2 = sin2 θN! 〈Pee〉 = f1 cos2 θ! + f2 sin2 θ!

vac pp 7Be 8B NeEν

〈Pee〉 = cos4 θ! + sin4 θ!

⇒ sin2 θ!
8B: ν2 fraction (%)
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Summary:

The low energy pp and 7Be Solar Neutrinos exit the sun as
two thirds ν1 and one third ν2 due to (quasi-) vacuum oscillations.

f1 = 65± 2%, f2 = 35∓ 2% with Pee ≈ 0.56

The high energy 8B Solar Neutrinos exit the sun as
”PURE” ν2 mass eigenstates due to matter effects.

f2 = 91± 2% and f1 = 9∓ 2% with Pee ≈ 0.35.

δm2! = 8.0± 0.4× 10−5eV 2

sin2 θ! = 0.310± 0.026

at 68% CL

SNO, KamLAND, SK, Gallex, SAGE, Cl
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These are ν2 Neutrinos !!!
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What happens to the neutrino oscillation length
in the semi-classical limit, h̄→ 0 ?

• Losc →∞
• Losc → 0

• Other
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